Polyomavirus BK (BKV)-associated nephropathy causes premature kidney transplant (KT) failure. BKV viruria and viremia are biomarkers of disease progression, but associated risk factors are controversial. A total of 682 KT patients receiving basiliximab, mycophenolic acid (MPA), corticosteroids were randomized 1:1 to cyclosporine (CsA) or tacrolimus (Tac). Risk factors were analyzed in 629 (92.2%) patients having at least 2 BKV measurements until month 12 posttransplant. Univariate analysis associated CsA-MPA with lower rates of viremia than Tac-MPA at month 6 (10.6% vs. 16.3%, p = 0.048) and 12 (4.8% vs. 12.1%, p = 0.004) and lower plasma BKV loads at month 12 (3.9 vs. 5.1 log 10 copies/mL; p = 0.028). In multivariate models, CsA-MPA remained associated with less viremia than Tac-MPA at month 6 (OR 0.60; 95% CI 0.36-0.99) and month 12 (OR 0.33; 95% CI 0.16-0.68). Viremia at month 6 was also independently associated with higher steroid exposure until month 3 (OR 1.19 per 1 g), and with male gender (OR 2.49) and recipient age (OR 1.14 per 10 years) at month 12. The data suggest a dynamic risk factor evolution of BKV viremia consisting of higher corticosteroids until month 3, Tac-MPA compared to CsA-MPA at month 6 and Tac-MPA, older age, male gender at month 12 posttransplant.
Introduction
In the last decade, polyomavirus BK-associated nephropathy (PyVAN) has emerged as significant cause of premature kidney transplant (KT) failure in many transplant centers around the world (1) (2) (3) . PyVAN rates range from 1% to 10%, and progressive graft failure is seen in more than half of the cases (4) (5) (6) . In recent analyses of large US databases covering approximately 40 000 KT patients during the period 2003-2006, treatment for BKV was reported in 6.6% during the first 5 years posttransplant and the adjusted risk of graft loss was at least twofold higher compared to unaffected patients (7, 8) . In the absence of specific antiviral therapy, current treatment relies on reducing immunosuppression using rising plasma BKV loads as a surrogate marker of disease (9) (10) (11) (12) . This approach can result in good clinical outcomes when performed early posttransplant (13, 14) . Accordingly, plasma BKV loads are currently recommended for screening and monitoring KT patients with presumptive and proven PyVAN (5, 15, 16) . Despite growing consensus about screening, the risk factors for BKV viremia and nephropathy are not well defined (16) . Most likely, nonmodifiable donor and recipient determinants synergize with potentially modulating factors such as immunosuppression (17) . In the face of the unchanged seroepidemiology of BKV infection (9, 18) , increasing use of tacrolimus (Tac) compared to cyclosporine (CsA) has been discussed as a potential factor (19) . However, while some studies reported a higher risk of BKV viruria, viremia and/or nephropathy in Tac-treated patients compared to CsA-treated patients (2, 20) , other studies were unable to identify such relation (11, 21) . To investigate the impact of the calcineurin inhibitor (CNI) directly, we examined BKV viruria and viremia in more than 600 de novo kidney transplant patients randomized 1:1 to Tac or CsA as part of the Diabetes Incidence after REnal Transplantation: Cyclosporine C2 monitoring versus Tacrolimus (DIRECT) study (22) .
Methods

Patients
The DIRECT study is a prospective 6-month, open-label multicenter study with a follow-up visit at month 12 randomizing de novo KT patients to CsA or Tac. The study methodology has been described elsewhere (22) . In brief, de novo renal transplant recipients aged 18-70 years (deceased, living-related or living-unrelated donor) were randomized 1:1 to CsA or Tac. Randomization was automated and investigators were notified via an interactive voice response system. The coprimary endpoints of this study were new onset diabetes or impaired fasting glucose, and biopsy-proven acute rejection, graft loss or death (22) , and BKV replication was a secondary endpoint (see NCT00171496 at ClinicalTrials.gov). The study was performed in 59 transplant centers in 15 countries during October 2003 to March 2005 (see the Appendix). CsA (Neoral R , Novartis Pharma AG, Basel, Switzerland) dose was adjusted targeting C2 ranges: 1400-1800 ng/mL during month 1, 1200-1600 ng/mL during months 2-3 and 800-1200 ng/mL during months 4-6. Tac (Prograf R , Astellas Pharma, Tokyo, Japan) dosing was based on C0 targets: 10-15 ng/mL during months 1-3 and 5-10 ng/mL during months 4-6. All patients received mycophenolic acid (MPA) in the form of mycophenolate mofetil (MMF, Cellcept R , Roche Pharmaceuticals, Basel, Switzerland) or enteric-coated mycophenolate sodium (EC-MPS, myfortic R , Novartis Pharma AG) administered according to local practice, with corticosteroids (intravenous methylprednisolone 500 mg followed by oral prednisone tapered from 100-200 mg/day on day 1 to 5-10 mg/ day from month 3 onward). Induction therapy consisted of two 20 mg doses of basiliximab (Simulect R , Novartis Pharma AG) given on days 0 and 4.
Virological analysis
Collection of urine and EDTA blood samples was scheduled at baseline (i.e. pretransplantation or on the day of transplantation) and at months 1, 2, 3, 6 and 12. All samples were frozen at −20
• C until analyzed by a quantitative real-time polymerase chain reaction (23) in the Division Infection Diagnostics, University of Basel (STS217 ISO/IEC-17025). BKV viruria was defined as detecting BKV DNA above a diagnostic threshold of 2500 copies/mL, high-level BKV viruria as urine DNA loads of >7 log 10 copies/mL (5). BKV viremia was defined as plasma BKV loads above the lower diagnostic limit of detection of 1000 copies/mL, high-level BKV viremia as plasma BKV loads of >4 log 10 copies/mL (5). Figure 1A ). Comparing different time points posttransplant, the highest rates of viruria and viremia were observed at month 6 (25.4% and 13.7%, respectively) which then decreased at month 12 (20.3% and 8.6%, respectively) ( Figure 1B ). Median urine BKV loads increased from 6.1 log 10 copies/mL at month 1 to 7.4 log 10 copies/mL at month 3 before declining to 6.0 log 10 copies/mL at month 12 ( Figure 1C ). At that time point, one fourth of the samples (75th percentile) had very high urine viral loads above 8 log 10 copies/mL. Plasma BKV loads increased from a median 3.8 log 10 copies/mL at month 1 to 4.7 log 10 copies/mL at month 12 ( Figure 1D ). Biopsyproven acute rejection episodes were more frequent in patients with BKV viremia at month 6 (13.0% vs. 6.1%, p = 0.030) while no statistically significant association was found for viruria. The estimated glomerular filtration rate was not different for patients with or without viruria, but at month 12, viremic patients had a significantly impaired function compared to those without viremia (median GFR 60. 4 Patients randomized to either CNI arm were found to have similar baseline characteristics, including recipient male gender, white race, mean age, history of diabetes, delayed graft function, living donor and mean HLA mismatch (Table  1A) . BKV viruria rates increased up to month 3 without significant differences between CsA-and Tac-randomized patients, but there was a trend toward less viruria among CsA-treated patients at month 12 ( Figure 2A ). At month 6, fewer patients in the CsA-treatment arm had high-level viruria of >7 log 10 copies/mL compared to Tac-treated patients (p = 0.058) reaching statistically significance at month 12 (p = 0.001) ( Figure 2B ). Of note, median urine BKV loads were sevenfold lower (0.8 log 10 copies/mL) in CsA-than in Tac-randomized patients at month 6 (p = 0.050) and approximately 30-fold lower (1.5 log 10 copies/mL) at month 12 (p = 0.007; Figure 2C ).
Statistical analysis
BKV viremia rates increased in both treatment arms over the first 3 months, but then diverged as patients in the CsA-arm had a lower rate of viremia compared to patients in the Tac-arm, both at month 6 (10.6% vs. 16.3%, p = 0.048) and at month 12 (4.8% vs. 12.1%, p = 0.004; Figure 2D ). The on-treatment analysis revealed no significant differences in the incidence rates compared to the results presented above, e.g. BKV viremia at months 6 and 12 was 10.9% and 4.4% for the CsA-and 15.3% and 11.7% Tac-arm, respectively. The rate of high-level viremia of more than 10 000 copies/mL (4 log 10 ) was lower in patients randomized to the CsA-than to Tac-arm at month 12 (2.2% vs. 9.4%, p<0.001; Figure 2E ). Moreover, median plasma BKV loads were 15-fold (1.2 log 10 /mL) lower in CsA-MPA than in Tac-MPA treated patients (p = 0.028; Figure 2F ).
Other potential determinants of BKV replication were not significantly associated with BKV viruria or BKV viremia, but we noted a trend toward a higher rate of viremia at month 12 for male patients (male: 10.2%, female 4.8%, Figure 3 ). MPA-dosing was not different between patients with or without BKV viruria or viremia at month 6 (all p-values > 0.10). To exclude undefined effects of the different CNI-MPA interaction, MPA-dosing was examined separately in patients of either treatment arm. There was no significant difference of MPA dosing in months 4-6 among Tac-MPA treated patients with or without viruria or viremia at month 6.
Examining the role of steroids, we found no association with BKV viruria, but BKV viremia was significantly associated with a higher cumulative steroid exposure until month 1 having a median of 1470 mg (IQR 995 mg, 1808 mg) compared to 1250 mg (IQR 870 mg, 1655 mg) for patients without viremia (p = 0.031; Table 2 ). This difference persisted up to month 6 suggesting that corticosteroid exposure was an important modulator of the risk of BKV replication early posttransplant. In the multivariate logistic regression model, BKV viruria was not significantly associated with any of the variables (Table 3) . Investigating high-level viruria, however, randomization to CsA-MPA treatment significantly decreased the risk compared to Tac-MPA at month 6 (OR = 0.56, 95% CI 0.31, 0.99; p = 0.047) and month 12 (OR = 0.21, 95% CI 0.08, 0.57; p = 0.002). The cumulative steroid dose was still significant at month 6 (per 1 g higher: OR = 1.26), but not at month 12 (Table 3 ). For BKV viremia at month 6, CsA-MPA remained an independent factor decreasing risk compared to Tac-MPA (OR = 0.60, p = 0.044), while higher cumulative steroid dose increased the risk (per 1 g higher: OR = 1.19 per 1 g; p = 0.017). For BKV viremia at month 12, CsA-MPA was associated with decreased risk (OR of 0.33; p = 0.003). BKV viremia was independently associated with male gender (OR = 2.49; p = 0.038) and increasing age (OR = 1.41 per 10 years; p = 0.013; 
Discussion
This prospective, randomized, multicenter study provides the largest systematic analysis of BKV viruria and viremia after kidney transplantation using a predefined protocol of immunosuppression. The results demonstrate that reactivation of BKV replication is common with BKV viruria reaching a cumulative incidence of 39.5% (95% CI 35.4%, 43.5%) by 12 months posttransplant. One-fourth of KT patients developed high-level viruria of >7 log 10 copies/mL, a molecular equivalent of urinary decoy cell shedding, as well as viremia, both biomarkers of an increasing risk of progression to PyVAN (9, 24) . Plasma BKV loads >4 log 10 copies/mL were observed in 16% of KT patients, thereby fulfilling the working definition of presumptive PyVAN for which judicious reduction of immunosuppression is currently recommended (15, 16 Randomizing more than 600 patients 1:1 to either CsA or Tac on a common backbone of basiliximab induction, MPA and prednisone provided an unprecedented large sample size associating CsA-MPA with a significantly lower rate of viremia than Tac-MPA, both at month 6 (10.6% vs. 16.3%, p = 0.048) and at month 12 (4.8% vs. 12.1%, p = 0.004). Furthermore, median plasma BKV loads were 10-fold higher at month 12 in Tac-MPA compared to CsA-MPA treated patients and high-level BKV viremia of >4 log 10 copies/mL was significantly more frequent. In the first 3 months, however, the rate of BKV replication did not significantly differ between patients randomized to CsA or Tac suggesting that differences between the CNIs did not play out early, but during the second half of the first year posttransplant, when most cases of PyVAN had been previously diagnosed (1, 4, 6) . Multivariate analysis confirmed the reduced risk of CsA-MPA treated patients for BKV viremia at months 6 and 12 compared to Tac-MPA, and identified higher steroid exposure in the first 3 months as an independent cofactor for high-level viruria and viremia. This association is of interest since it provides a rationale for the early onset of BKV replication, independent of the choice of CNI. Indeed, pulse-steroids had been identified as independent risk factor for high-level viruria (decoy cells), viremia and PyVAN (9). Dadhania and colleagues reported that steroid maintenance therapy was associated with BKV replication (25) . The BKV-promoting effect of steroids likely is the result of both, activating BKV early gene expression via glucocorticoid response elements in the viral noncoding control region (26) and its immunosuppressive effect. This synergy of virus activation and immunity inactivation is also documented in the poor outcome of polyomavirusassociated nephropathy almost a decade ago when the disease was erroneously treated as acute cellular rejection (1,2) . The results of our study further suggest that following protocol-driven corticosteroid dose tapering from month 3 onward, the choice CNI exerted a greater influence on BKV replication rates. Of note, male gender and older recipient age were identified as independent risk factors for BKV viremia at month 12. Both patient determinants have been reported previously as being associated with PyVAN in some single-center studies (4, 27) as well as in the large UNOS/OPTN registry analyses (7, 8) .
Brennan et al. (11) randomized 200 KT patients in a ratio of 2:1 to either Tac or CsA that was combined with either azathioprine or MPA (11) . While the CNI per se was not found to influence the overall rates of BKV viruria and viremia in that study, there was a trend for an increased rate of sustained viremia in Tac-versus CsA-treated patients (p = 0.10). Similar to our results, BKV viruria was more frequent among Tac-MPA versus CsA-MPA treated patients (46% vs. 13%; p = 0.005). The rates of viremia in Tac-MPA versus CsA-MPA treated patients were similar to our study (13% vs. 4%), but without reaching statistical significance which may reflect their smaller sample size of 88 patients only in these comparator arms (11) compared to 629 patients reported here. The difference between both Tac-MPA and CsA-MPA regarding BKV has previously been attributed to the potential influence of a higher overall immunosuppressive burden of Tac-containing regimens. In this study, CsA was targeted according C2 monitoring providing optimal exposure early posttransplant reaching median concentrations of 885 ng/mL at month 6, while tacrolimus was standarddosed with predefined tapering reaching trough levels of 8 ng/mL at month 6. Under these conditions, the primary efficacy endpoints were found to be comparable including biopsy-proven acute rejection (22) . The significant association of BKV viremia with patients randomized to Tac may also be influenced by MPA exposure, but frequent and possibly more precise pharmacokinetic measurements were not performed (28) . On the other hand, representative time points posttransplant are not defined for comprehensive AUC measurements. This particularly concerns the question when to expect effects on BKV viremia, since pharmacokinetic measurements only provide data as a point prevalence that are not necessarily representative of concurrent, cumulative or subsequent effects. In our study, however, MPA dosing, decreased posttransplant and was, at all time points, significantly lower in patients randomized to Tac compared to CsA, in agreement with common routine practice to reduce differences in exposure ( Figure 3 ). Of note, we found no difference in MPA doses between viruric or nonviruric, or between viremic and nonviremic patients within either CNI treatment group at month 6. Although screening was not yet widely recommended and practiced during the study period (15,29), we cannot exclude that treatment for BKV viremia might have occurred and thereby shortened viremia duration in some patients. However, even with proactive reduction of immunosuppression, the median duration of BKV viremia is long ranging from 2.9 to 8.8 months (14, 30) . Given this long duration, we consider it unlikely that potential screening and treatment of some centers might have significantly changed the results.
Agent-specific mechanisms may also play a role in the different clinical adverse event profile of Tac and CsA as evidenced by changes in glucose or lipid metabolism (22) . Although Tac and CsA both inhibit the calcineurin phosphatase required for interleukin-2 expression in Tlymphocytes subsequent to T cell receptor activation, they have different molecular targets: CsA binds to cyclophilins while tacrolimus binds to FK-binding protein 12. Interestingly, in vitro studies indicate that CsA and MPA inhibit BKV replication (31) (32) (33) , whereas Tac activates BKV replication via FK-binding protein 12 in primary human tubular epithelial cells (34) . The "net state of immunosuppression" coined by Rubin and Fishman (35) may be used to also integrate net effects on virus replication by different drugs as well as quantitative and qualitative differences of virusspecific T cell repertoire in the individual transplant recipients (36) . Clearly, at high doses of immunosuppressive drugs, BKV-inhibitory effects of CsA, mTOR inhibitors and MPA may not play out and immunosuppressive effects predominate. As dosing is lowered posttransplant, e.g. at 3 months onward, however, drug-specific differences may become apparent and BKV-activating effects as described for corticosteroids and Tac may increase the risk over drugs with BKV-inhibitory effects such as CsA, mTOR inhibitors and MPA, at an otherwise appropriate maintenance immunosuppression for a given patient-allograft combination. The role of differential direct activating and inhibiting viral effects of immunosuppressive drugs like tacrolimus versus cyclosporine, MPA and mTOR inhibitors are currently emerging, together with their differences in immunosuppressive action. The improved understanding direct drug mechanisms on infectious agents and the immune system will stimulate more specific clinical studies that allow to better evaluate the competing risks of rejection and infection in future personalized transplantation medicine.
In conclusion, CsA is associated with a significantly lower risk than Tac regarding BKV viremia at months 6 and 12 in de novo kidney transplant patients treated with basiliximab, MPA and steroids. Steroids appear as an independent risk factor for BKV viremia early posttransplant, whereas male gender and older age contribute later in the first year posttransplant, respectively. Together, these data support the hypothesis of a dynamic risk evolution across multiple factors including the choice of the CNI, thereby potentially influencing the screening after 6 months posttransplant and the management of patients at higher risk for BKV viremia and progression to nephropathy.
